Domestic hot water heat pumps (DHW HPs) have spread fast in recent years in Europe and they now represent an interesting opportunity for implementing renewable energy sources in buildings with a centralized/district heating system, where DWH is generally produced by a gas boiler or an electric water heater. Replacing these appliances has several environmental benefits, including the removal of air pollution sources and the reduction of Green House Gasses (GHG) emissions. In this work, we present the techno-economic and environmental evaluation of implementing DHW HPs in Turin, where 66% of the DHW demand is covered by dedicated gas boilers. The impact of such boilers was assessed through numerical air dispersion modeling conducted with the software SPRAY (Aria Technologies, Paris, French). Results show that removing these sources would reduce yearly average concentrations of NOx up to 1.4 µg/m 3 , i.e., about 1% of monitored concentrations of NOx, with a benefit of 1.05 ÷ 15.15 M€/y of avoided health externalities. Replacing boilers with DHW HPs is always financially feasible with current incentives while, in their absence, it would be convenient for residential units with 3 cohabitants or more (51.22% of the total population), thanks to scale economies.
Introduction
Despite the undeniable improvement achieved in the last decades in developed countries, air quality is still critical in many urban areas in the world. Urban areas have a high population density and, hence, a high spatial intensity of different processes which can negatively affect air quality: car traffic, heating systems, use of solvents and other harmful substances, industrial processes, thermoelectric power stations, etc.
The improvement of air quality of cities in developed countries can generally be attributed to two main factors: the introduction of increasingly stringent standards for vehicle emissions, such as the Euro I-VI introduced since 1992 [1], and the progressive phase-out of coal and oil heating [2] . The massive introduction of gas heating has dramatically reduced particulate matter (PM) and sulfur oxides (SOx) emissions [3, 4] , yet nitrogen oxides (NOx) emissions are still high due to traffic and gas boilers, which have a low overall quality due to the slow rate of renewal [5, 6] .
The air quality issue strongly interacts with climate change, and this also holds true for heat production. For example, a massive replacement of fossil fuel boilers with wood boilers would result in a strong reduction of greenhouse gas (GHG) emissions, but recent experiences such as Thessaloniki [7] [8] [9] highlighted the unsustainability of the air quality impact in terms of PM and polycyclic aromatic solar thermal panels is hampered by several factors, such as space availability to install enough panels to cover the whole demand, the need to install a centralized DHW system exploiting the common roof space, and restrictions on historical buildings. Water electric heaters were not considered in this study as they significantly increase overall emissions and costs for DHW production.
The paper is structured as follows. Section 2 presents the input data of estimated DHW demand in the municipality of Turin, identifying the share which is covered by dedicated boilers (and not by a combined space heating-DHW boiler), in order to derive the NOx and CO emissions which would be avoided by introducing heat pumps (Section 2.1). The air dispersion model implemented in SPRAY is presented in Section 2.2, whereas a synthesis on the DIDEM model is presented in Section 2.3. The method used for the financial assessment is presented in Section 2.4. Section 3 presents the results in terms of spatial distribution of NOx and CO concentration (Section 3.1), comparing them with data from the air quality monitoring network (Section 3.2), and assessing health externalities with the DIDEM model (Section 3.3). The financial feasibility assessment is presented in Section 3.4. Section 4 reports the conclusion of this work.
Input Data and Methodology
Environmental impacts of NOx and CO produced by DHW gas boilers were studied in the municipality of Turin for the year 2015. At first, data concerning the type of DHW heat plants (centralized or autonomous) installed in every dwelling and the employed energy source were retrieved. This information, together with population spatial distribution, was used to calculate the DHW demand of Turin's population and subsequently, the NOx and CO mass discharge emitted by gas boilers (Section 2.1). These discharge values were divided into 184 virtual areal square sources (one per km 2 of surface) based on the spatial distribution of population in Turin, thus deriving the input for the air dispersion model (Section 2.2). The resulting air pollutant concentrations represent the input of a public health impact model (Section 2.3). Eventually, a financial cost-benefit analysis is carried out in Section 2.4 to assess the economic feasibility of replacing gas boilers with DHW air-source heat pumps.
Assessment of DHW Demand for Dedicated Gas Boilers
In view of reducing the impact of DHW production separately from space heating, the different options for DHW production should be considered, namely (1) production of DHW separated from space heating, in a centralized heating system (i.e., serving several building units), (2) production of DHW separated from space heating, in an autonomous heating system (i.e., serving one building unit), (3) production of DHW combined with space heating, in a centralized heating system, and (4) production of DHW combined with space heating, in an autonomous heating system.
The options 1 and 4 are the most frequent and our analysis focused on option 1, since this is the case for which the replacement of the DHW production unit is easier and cheaper, with no intervention required on the heating system. As described below, the most common choices for dedicated DHW production appliances are gas boilers and, to a lesser extent, electric water heaters, whereas heat pumps are still rarely used. Our analysis focused on building units where DHW is produced with a dedicated gas boiler because the aim of this work is to assess the avoidable air quality impact of DHW production.
Statistics on DHW production techniques in Turin were retrieved from the regional information system on building energy assessment [33] , for the districts Mirafiori Sud (34,960 inhabitants), Nizza Millefonti (34,330 inhabitants), and San Salvario (38,110 inhabitants) . Together, these districts represent 12% of the population of the municipality of Turin. The SIPEE database contains information on any building unit sold, rented, or refurbished since 2009. Statistics were therefore derived on autonomous and centralized heating plants, on heating and DHW production techniques, and energy sources (gas boilers, liquefied petroleum gas (LPG) boilers, oil boilers, district heating, electrical water heaters, electrical water heater, heat pumps). As shown in Figure 1 , the shares of each energy source used for DHW production are consistent among different districts, with largely prevailing gas boilers (>60%), a noticeable use of electrical water heaters (despite their high operational cost), and a minor share of district heating and other sources. Electrical water heaters are adopted for separate DHW production, but they have not been considered in our study since their use is not deemed to affect local air quality like gas combustion does. 66% of building units in Mirafiori Sud have a separate gas boiler for DHW production and this share was considered as representative of all of Turin. A confirmation of the adequacy of this assumption is given by statistics on the district heating network of Turin, which has reached 68.9 Mm 3 of served heated volume, i.e., 57% of the total heated volume of the city [26] . operational cost), and a minor share of district heating and other sources. Electrical water heaters are adopted for separate DHW production, but they have not been considered in our study since their use is not deemed to affect local air quality like gas combustion does. 66% of building units in Mirafiori Sud have a separate gas boiler for DHW production and this share was considered as representative of all of Turin. A confirmation of the adequacy of this assumption is given by statistics on the district heating network of Turin, which has reached 68.9 Mm 3 of served heated volume, i.e., 57% of the total heated volume of the city [26] . The emissions were calculated starting from an assumed DHW need ( ) of 50 L/d at 45 °C, starting from a temperature of 15 °C. The individual energy need for DHW is therefore:
where ( ) is the heat capacity of water equal to 1.162 kWh/(m 3 K), and ∆ is the temperature difference to be applied, i.e., 45 − 15 = 30 °C. Based on the assumptions above, the DHW energy need is equal to 636 thermal kWh (hereafter, kWhth) per year per capita and the overall DHW demand to be covered by heat pumps is 377. 6 GWhth/year for the population considered for the calculation (593,533 people, i.e., 66% of the population of Turin). The GHG emission factor for gas boilers reported in Ref. [10] is of 235.6 g CO2 equivalent per thermal kWh (hereby, gCO2 eq./kWhth). The GHG emission factor of DHW heat pumps is equal to 101.3 g CO2 eq./kWhth as it is obtained by assuming the GHG emission factor of the Italian electrical grid (303.9 gCO2 eq. per electrical kWh, hereby kWhel; see Ref. [34] ) and a seasonal performance factor SPF = 3. DHW heat pumps reduce GHG emissions of 57%, which corresponds to 85 kg CO2 eq./person/year and to a total of 50,711 t CO2 eq./y avoided.
Regarding air pollution, emission factors of 80 mg NOx/kWhth and 90 mg CO/kWhth were assumed for the boilers to be phased out. This is a cautious assumption, since such values are typical of up-to-date boilers. As explained in the introduction, gas boilers have a slow renewal rate and hence the emission factors of boilers to be replaced by heat pumps is likely to be much higher [6] . The resulting overall local-scale mass flow rate of air pollutants is of 30.2 tNOx/y and 34 tCO/y, and it was implemented in the air dispersion model (Section 2.2) as 184 virtual areal sources, one per each km 2 , based on the population density in the Turin municipality, which is known with the same resolution.
Although the objective of this work is a local-scale analysis of pollutant emissions, some consideration should also be given to overall pollutant emissions (due to electricity production) when replacing DHW gas boilers with heat pumps. Casasso et al. [10] recently provided pollutant emission factors for the Italian electrical grid. As of 2016, the global NOx emission factor of a DHW HP is similar (−1% compared to a gas boiler), whereas a strong reduction is achieved for CO (−64%). However, it should be observed that NOx from the Italian electrical grid is decreasing at a fast rate The emissions were calculated starting from an assumed DHW need (V DHW ) of 50 L/d at 45 • C, starting from a temperature of 15 • C. The individual energy need for DHW is therefore:
where (ρc) w is the heat capacity of water equal to 1.162 kWh/(m 3 K), and ∆T is the temperature difference to be applied, i.e., 45 − 15 = 30 • C. Based on the assumptions above, the DHW energy need is equal to 636 thermal kWh (hereafter, kWh th ) per year per capita and the overall DHW demand to be covered by heat pumps is 377.6 GWh th /year for the population considered for the calculation (593,533 people, i.e., 66% of the population of Turin). The GHG emission factor for gas boilers reported in Ref. [10] is of 235.6 g CO 2 equivalent per thermal kWh (hereby, gCO 2 eq./kWh th ). The GHG emission factor of DHW heat pumps is equal to 101.3 g CO 2 eq./kWh th as it is obtained by assuming the GHG emission factor of the Italian electrical grid (303.9 gCO 2 eq. per electrical kWh, hereby kWh el ; see Ref. [34] ) and a seasonal performance factor SPF = 3. DHW heat pumps reduce GHG emissions of 57%, which corresponds to 85 kg CO 2 eq./person/year and to a total of 50,711 t CO 2 eq./y avoided.
Regarding air pollution, emission factors of 80 mg NOx/kWh th and 90 mg CO/kWh th were assumed for the boilers to be phased out. This is a cautious assumption, since such values are typical of up-to-date boilers. As explained in the introduction, gas boilers have a slow renewal rate and hence the emission factors of boilers to be replaced by heat pumps is likely to be much higher [6] . The resulting overall local-scale mass flow rate of air pollutants is of 30.2 tNOx/y and 34 tCO/y, and it was implemented in the air dispersion model (Section 2.2) as 184 virtual areal sources, one per each km 2 , based on the population density in the Turin municipality, which is known with the same resolution.
Although the objective of this work is a local-scale analysis of pollutant emissions, some consideration should also be given to overall pollutant emissions (due to electricity production) when replacing DHW gas boilers with heat pumps. Casasso et al. [10] recently provided pollutant emission factors for the Italian electrical grid. As of 2016, the global NOx emission factor of a DHW HP is similar (−1% compared to a gas boiler), whereas a strong reduction is achieved for CO (−64%). However, it should be observed that NOx from the Italian electrical grid is decreasing at a fast rate (−18% between 2010 and 2016 according to SINAnet [35] ) as the share of cleaner energy sources (solar photovoltaics, wind, hydropower, up-to-date gas power plants) are replacing dirtier ones such as coal (which is going to be phased out in 2025, see Reference [36] ). In addition, NOx concentrations are critical in urban areas and, hence, displacing NOx out of them results in a significant reduction of health externalities.
A strong concern for air-source heat pumps is represented by noise [37] [38] [39] . Although this holds true for large-power HPs (e.g., 50 kW and above, which can exceed sound power level of 60 dB at 10 m), DHW HPs have a much lower thermal power (1-2 kW) and hence a much lower sound power level (50 dB at the source, e.g. see Reference [40] ). This noise can easily be abated by a wall, both for an indoor (e.g., bathroom) and an outdoor (e.g., balcony) installation.
Air Dispersion Modeling
The dispersion of NOx and CO from DHW gas boilers was performed using the numerical code SPRAY [41] , a commercial three-dimensional Lagrangian particle dispersion model licensed by Arianet company [42] . SPRAY takes into account the spatial and temporal inhomogeneities of both average flow and turbulence to calculate concentration fields generated by point, area, or volume sources. The trajectory of the airborne pollutant is simulated through virtual particles: the mean motion is defined by the local wind and the dispersion is determined solving the Langevin stochastic differential equations for the velocity fluctuations, reproducing the statistical characteristics of the turbulent flow. Therefore, different portions of the emitted plumes can undergo different atmospheric conditions. SPRAY thus performs a realistic representation of complex phenomena such as low wind-speed conditions, strong temperature inversions, flow over topography, land use, and terrain variability.
In this study, gas boilers for DHW production were simulated as area sources, one per square kilometer. A total of 184 sources was obtained, following the borders of the municipality, which has a surface of 130 km 2 . The modeling domain was divided into cells of 1000 × 1000 m as well, with a total size of 101 × 101 cells. The overall annual emission of each cell was modulated based on monthly, weekly, and daily profiles provided by the norm UNI EN 16147:2017 issued by the Italian Organization for Standardization (UNI) and the European Committee for Standardization (EN) [43] . An average height of 25 m was assigned to sources, with a random variation between 20 and 30 m.
NOx and CO emissions were modeled for a 1-year period with a time resolution of 1 hour, using the latest meteorological input datasets (year 2015) delivered by the Regional Agency for Environmental Protection of the Piedmont Region (ARPA) [44] . Such a dataset includes land use categories, altimetry, wind speed and direction (at ground and vertical observations), temperature (at ground and vertical observations), air pressure, air humidity, precipitation, and solar radiation. Weather and orographic data have a spatial resolution of 1000 m and cover a domain of 100 × 100 km. Such a domain extension is adequate to consider the main orographic features of the area, i.e., the hills located next to the eastern side of Turin urban area and the Alps, located approximately 30 km westwards. Meteorological data were pre-processed with the Stationary Wind Field and Turbulence (SWIFT) diagnostic mass-consistent model, developed by Aria Technologies [45] .
The output obtained from dispersion modeling are 8760 grids (one per hour) of NOx and CO concentrations. Such grids were introduced in a post-processing module generating spatial distributions of the annual average concentrations and the maximum hourly and daily-averaged concentrations of NOx and CO. These data were finally transferred to the DIDEM module calculating health effects and costs.
Health Externalities: the DIDEM Model
The evaluation of health externalities due to air pollution can be performed with several models and tools. A detailed review was recently performed by Anenberg et al. [46] , which analyzed and compared the input and output detail level of 12 air pollution health impact assessment tools. The DIATI Dispersion and Externalities Model (DIDEM) [27] , which builds on these tools, was conceived to quantify and minimize the overall uncertainty thanks to the integration of (i) advanced pollutant dispersion models with the calculation of health concentration-response functions (CRFs), implemented following the latest World Health Organization (WHO) recommendations, and (ii) different confidence levels on CRFs data reported by the WHO, resulting in a precise estimation of uncertainty associated to the calculation of health effects.
In this work, DIDEM was used to perform analyses of external health impacts and costs at the local scale (the territory of the municipality of Turin). The main output provided by the model is the variation (reduction or increase) of external costs associated to the alternative scenarios. The term "external costs" refers here to the marginal health damage costs, i.e., those costs generated by the effects on human health resulting from an extra unit of pollutant concentration.
The DIDEM model is based on the impact pathway approach [47] , which links the modeled pollutant concentrations to the concentration-exposure-response functions (CRFs) provided by latest WHO recommendations of 2013 [48, 49] . Monetary values are associated to the incremental incidence of disease calculated. A preliminary uncertainty estimation is achieved through the implementation of different confidence levels on CRFs data and the application of confidence intervals in the calculation of the slope of the concentration-response function. Confidence levels are based on the recommendations reported in the WHO Health Risks of Air Pollution In Europe (HRAPIE) project [48] , where the pollutant-outcome pairs are classified into Group A (pollutant-outcome pairs for which enough data are available to enable reliable quantification of effects) and Group B (pollutant-outcome pairs for which there is more uncertainty about the precision of the data used for quantification of effects). The same report provides slope values of the CRFs for NOx and CO. The effect of these contaminants is deemed linear with the air concentration and hence, the absorbed dose.
The delta-external costs are calculated as:
where C i,r represents the damage costs related to pollutant outcome pair i and to domain cell r, (€), ∆c r is the concentration change (µg/m 3 ) of a given pollutant, referred to domain cell r, and p r is the number of exposed individuals, s CRi is the slope (additional cases/((µg/m 3 ) · person · year)) of the impact function of health impact i, merging information on the risk increase and baseline rate of a given health impact i, and m i is the monetary value (€/additional case) per case of health impact i. For the complete list of pollutant-outcome pairs considered, refer to Reference [15] . Monetary values per case of health impact (m i in Equation (2)) of EU countries (or Regions) are implemented in the model. These data were taken by the most recent updates issued for the EU Clean Air Package [49] . Monetary values are converted to the reference year using an average EU inflation rate of 2.1% [50] .
Financial Evaluation
Although the main aim of this work was to evaluate the air quality benefits of replacing DHW gas boilers, a financial evaluation was performed to prove the feasibility for the Turin citizens who are expected to replace their boilers. The evaluation was performed by calculating the internal rate of return (IRR) over the lifetime of a heat pump (assumed as 25 years), with the further assumption that no replacement of the gas boiler was necessary in the same period. The heat pump purchase was therefore considered as an investment that is repaid by savings in DHW production and the incentives for energetic refurbishment of buildings.
The IRR is defined as the discount factor r that, during the period considered (in this case, 25 years), makes the discounted net present value (DNPV) null:
where INV is the initial investment (i.e., the installation cost of the heat pump), ∆M is the difference in maintenance costs between the replaced device and the new one, ∆O is the difference of the operative costs (i.e., the production of DHW), and Inc is the incentive. All these variables are monetary (€). For the sake of simplicity, the difference in maintenance costs (∆M) was assumed null, although various literature sources state that heat pumps have lower maintenance costs compared to gas boilers (e.g., no flue gas control is required, less clogging issues, etc.). Also, the difference of operation costs ∆O for DHW production was considered as constant during the period analyzed.
As for the incentives, the Italian regime for residential energetic refurbishment was considered, i.e., the refund of 65% of the installation costs incurred, with 10 yearly payments of 6.5% each [51] .
With the premise above, Equation (3) changes to:
The IRR is the solution of the following equation:
The initial investment was quantified based on a market analysis on heat pump costs from different manufacturers [52] [53] [54] , hypothesizing different needs of consecutive showers (with 50 liters per each shower) depending on the number of cohabitants and considering different tank volumes, as showed in Table 1 . Generally, wall-mounted heat pumps are available up to 200 L tanks, while larger ones need to be installed on the floor. Both mono-block and split heat pumps are available, each kind suitable for different setups, yet their prices are similar, and a proper choice can be made depending on the characteristics of the building unit. The most influential variable was found to be the tank size, with a linear variation of about 8 €/L tank up to 300 L, and a smaller increment (about 4 €/L tank) between 300 L and 500 L. A flat installation cost of 500 € was assumed for all heat pump sizes. DHW production costs were derived using input data by the European Statistical system (EUROSTAT) [55] , i.e., 0.095 €/kWh th for gas and 0.21 €/kWh¬ el for electricity. The boiler efficiency was assumed equal to 90% and the heat pump SPF was assumed equal to 3. The DHW cost is therefore equal to 0.1055 €/kWh th for the gas boiler and of 0.07 €/kWh th for the DHW heat pump, with a cost reduction of 33.6% achieved by the heat pump compared to the gas boiler. The savings margin with the heat pump is therefore 22.60 €/person/year. Table 2 summarizes the characteristics of gas boilers and of DHW HPs considered in this work. 
Results
With the methods described in the previous Section, the costs and benefits of replacing gas boilers (dedicated to DWH production only) with heat pumps were assessed from different points of view, which are hereby analyzed. Section 3.1 presents the results of the air dispersion modeling of the currently installed DHW gas boilers. Section 3.2 presents the comparison of modeled concentrations time series at two locations, where air quality monitoring stations are present. Section 3.3 presents the results on the modeling externalities on human health. Finally, Section 3.4 presents the financial feasibility assessment of replacing gas boilers with heat pumps.
Pollutant Emissions Due to DHW Production
The map reported in Figure 2 shows the spatial distribution of the yearly average NOx concentrations generated by the DHW gas boilers to be replaced by heat pumps and, hence, the average concentration reduction consequent to such replacement. The NOx yearly average concentration in the urban area of Turin ranges from 0.1 µg/m 3 to 1.4 µg/m 3 . Since the model implemented in SPRAY does not reproduce reactions, the spatial distribution of yearly average CO concentration has a similar pattern, as shown in Figure 3 
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Pollutant Emissions Due to DHW Production
The map reported in Figure 2 shows the spatial distribution of the yearly average NOx concentrations generated by the DHW gas boilers to be replaced by heat pumps and, hence, the average concentration reduction consequent to such replacement. The NOx yearly average concentration in the urban area of Turin ranges from 0.1 µg/m 3 to 1.4 µg/m 3 . Since the model implemented in SPRAY does not reproduce reactions, the spatial distribution of yearly average CO concentration has a similar pattern, as shown in Figure 3 , with concentrations ranging from 0.1 µg/m 3 to 1.7 µg/m 3 . Figures 2 and 3 show that pollutant dispersion is mainly limited to the urban area and to the hilly areas located in the eastern part of the town. Such a limited spatial dispersion is mainly due to the combined effect of the low height of the sources, and meteorological features of the area such as low winds. In Figures 4 and 5 , the concentration maps corresponding to the maximum hourly concentration are reported for NOx and CO, respectively. These maps were generated by calculating the average concentration over the entire modeling domain, then extracting the maximum of hourly observations, which occurred at 0:00 of 8 December. These figures show that, under critical meteorological conditions, NOx concentration due to DHW production by gas boilers can reach up to 30-40 µg/m 3 , with the highest concentrations on the hills on the east of the city center. In Figures 4 and 5 , the concentration maps corresponding to the maximum hourly concentration are reported for NOx and CO, respectively. These maps were generated by calculating the average concentration over the entire modeling domain, then extracting the maximum of hourly observations, which occurred at 0:00 of 8 December. These figures show that, under critical meteorological conditions, NOx concentration due to DHW production by gas boilers can reach up to 30-40 µg/m 3 , with the highest concentrations on the hills on the east of the city center. The meteorological parameters measured in the area during the four days preceding the event of maximum concentration are reported in Figure 6 . The maxima of NOx and CO concentrations were observed in conditions of very low wind speed (<1 m/s), limited surface friction velocity, low temperature and atmospheric pressure, Monin-Obukhov length values typical of prevailing stable atmospheric conditions, and limited height of the mixed layer (below 700 m during the whole period). Such conditions clearly explain the accumulation of pollutants in the hills area on the east. The meteorological parameters measured in the area during the four days preceding the event of maximum concentration are reported in Figure 6 . The maxima of NOx and CO concentrations were observed in conditions of very low wind speed (<1 m/s), limited surface friction velocity, low temperature and atmospheric pressure, Monin-Obukhov length values typical of prevailing stable atmospheric conditions, and limited height of the mixed layer (below 700 m during the whole period). Such conditions clearly explain the accumulation of pollutants in the hills area on the east. 
Assessment of the Relative Influence of DHW Production on NOx and CO Emissions and Concentrations
The concentrations resulting from air dispersion modeling were compared to those observed at the air quality monitoring stations, in order to assess the relative influence of DHW production on air pollution in Turin. Air quality monitoring is managed by the regional environmental protection agency (ARPA Piemonte, Italia). The monitoring stations of Consolata (city center) and Rebaudengo (northern outskirts) were chosen, because they are located in the most densely populated area where the highest concentrations were resulting from the model. Records for the year 2015 were chosen for the comparison, since this is the same year used for the meteorological model. Figure 7 reports such a comparison using the seven-day averaged concentration values of NOx ( Figure 7A -C) and CO ( Figure 7B -D) modeled with SPRAY at the location point of Rebaudengo, in comparison with the corresponding records of the ARPA station. The values of yearly average NOx concentrations exhibit a difference of nearly two orders of magnitude between the overall value (176.58 µg/m 3 and 124.97 µg/m 3 respectively, at Rebaudengo and Consolata) and the share, modeled with SPRAY due to the DHW gas boilers (0.38 µg/m 3 and 1.25 µg/m 3 , i.e., 0.2% and 1.1%, respectively) ( Figure 7A -C). Such a difference is even larger for CO concentrations, with approximately three orders of magnitude between the yearly average concentrations at the air monitoring stations (1480.57 µg/m 3 and 1478.36 µg/m 3 respectively, at Rebaudengo and Consolata) compared to the modeled concentrations (0.43 µg/m 3 and 1.41 µg/m 3 , i.e., 0.03% and 0.09% of total CO concentrations) ( Figure 7B-D) .
Based on these evidences, DHW production by gas boilers has an appraisable-but not dramatic-impact on the air quality of Turin.
The comparison performed is rather consistent with the estimates of the air emission inventory INEMAR [56] , which estimated 5204 tNOx/y and 10,404 tCO/y emitted in the municipality of Turin in 2013: the share of emissions assumed for DHW gas boilers (see Section 2.1) are, respectively, 0.58% and 0.32%. 
The concentrations resulting from air dispersion modeling were compared to those observed at the air quality monitoring stations, in order to assess the relative influence of DHW production on air pollution in Turin. Air quality monitoring is managed by the regional environmental protection agency (ARPA Piemonte, Italia). The monitoring stations of Consolata (city center) and Rebaudengo (northern outskirts) were chosen, because they are located in the most densely populated area where the highest concentrations were resulting from the model. Records for the year 2015 were chosen for the comparison, since this is the same year used for the meteorological model. Figure 7 reports such a comparison using the seven-day averaged concentration values of NOx (Figure 7A Figure 7A -C). Such a difference is even larger for CO concentrations, with approximately three orders of magnitude between the yearly average concentrations at the air monitoring stations (1480.57 µg/m 3 and 1478.36 µg/m 3 respectively, at Rebaudengo and Consolata) compared to the modeled concentrations (0.43 µg/m 3 and 1.41 µg/m 3 , i.e., 0.03% and 0.09% of total CO concentrations) ( Figure 7B-D) .
Health Externalities
The spatial distribution of health externalities due to gas DHW boilers, evaluated with DIDEM as explained in Section 2.3, is reported in Figure 8 . Data are reported in €/y per capita to allow a comparison of health externalities among differently populated areas of the city. The area with the highest external cost reduction corresponds to the urban center of Turin.
Considering the pollutant-outcome pairs of Group A, the installation of heat pumps for DHW production would bring a cost reduction of 0.4 ÷ 2.8 €/y per capita; however, if Group B is also included, such unit cost increases up to 20 €/y per capita (Figure 8) .
Results calculated on the whole population of Turin are reported in Table 3 . The estimation of total external cost reduction is differentiated depending on the implementation of different confidence levels on CRFs data (Group A and Group A + B) and the application of confidence intervals in the calculation of the slope of the concentration-response function (minimum, mean, maximum). If pollutant-outcome pairs with high confidence level on CRF data are considered (Group A), total external costs reduction ranges from 1.05 M€/y to 2.6 M€/y, with a mean value of 1.85 M€/y. If pollutant-outcome pairs with both high and medium confidence level on CRF data are considered (Group A + B), total external costs reduction ranges from 5.75 M€/y to 15.15 M€/y, with a mean value of 10.4 M€/y. 
Financial Analysis
The financial feasibility of replacing DHW gas boilers with heat pumps was performed at two different scales: the single residential unit and the whole population considered for boiler replacement (593,533 people).
At the scale of a single residential unit, the financial feasibility depends on the number of cohabitants. As reported in Section 2.4, based on unit costs of DHW production, a saving margin of 22.60 €/y per capita is calculated. The initial investment required to install a DHW heat pump depends on the number of cohabitants of each building unit, as reported in Table 4 . The internal rate of return (IRR) of installing a DHW HP was calculated for building units from 1 to 20 people, over a heat pump lifetime of 25 years, using Equation (5) . Results are reported in Figure 9 , showing an increasing trend of the IRR (both with and without incentives) as the number of cohabitants increase. This confirms the presence of scale economies in replacing DHW gas boilers. In the presence of incentives, DHW HP are always convenient with IRR ranging between 0.04% and 17.54%, with a steep increase from 1 to 3 cohabitants due to the economies of scale. In the absence of incentives, negative IRR values are found for building units with 1 or 2 cohabitants. 
At the scale of a single residential unit, the financial feasibility depends on the number of cohabitants. As reported in Section 2.4, based on unit costs of DHW production, a saving margin of 22.60 €/y per capita is calculated. The initial investment required to install a DHW heat pump depends on the number of cohabitants of each building unit, as reported in Table 4 . The internal rate of return (IRR) of installing a DHW HP was calculated for building units from 1 to 20 people, over a heat pump lifetime of 25 years, using Equation (5) . Results are reported in Figure 9 , showing an increasing trend of the IRR (both with and without incentives) as the number of cohabitants increase. This confirms the presence of scale economies in replacing DHW gas boilers. In the presence of incentives, DHW HP are always convenient with IRR ranging between 0.04% and 17.54%, with a steep increase from 1 to 3 cohabitants due to the economies of scale. In the absence of incentives, negative IRR values are found for building units with 1 or 2 cohabitants. The extension of the financial analysis to the whole city of Turin should consider the sharing of building units with different numbers of cohabitants. According to the Yearbook 2011 of the Turin Municipality [57] , 21% of people live in single residential units, 27.8% live in flats with 2 cohabitants, 23.9% with 3 cohabitants, 19.7% with 4 cohabitants, and 7.6% in flats with 5 or more cohabitants.
Assuming the residential units involved in the DHW boiler replacement have the same breakdown, the financial return of installing DWH HPs was performed. The total investment needed to perform such replacement is of 483.11 M€. However, most of this sum would be needed to replace DWH boilers in residential units with 1 or 2 cohabitants (respectively, 41.2% and 27.3% of the total investment needed). The minimum (1.05 M€/y) and the maximum (15.15 M€/y) values of health externalities, calculated in Section 3.3, were used to perform the overall financial analysis reported in Table 4 . Including the health externalities in a city-scale financial evaluation, the replacement of DHW gas boilers is always convenient, except for the case when the lowest value of health externalities (1.05 M€/y) is considered. The scenarios hypothesizing the absence of incentives for energetic refurbishment, which would cover 65% of the investment made by Turin citizens (i.e., 314.02 M€ on a total of 483.11 M€), were considered to assess the effect of a phase-out of such incentives: depending on the hypotheses adopted to calculate the health externalities, the overall balance could still be positive; however, DHW gas boiler are not likely to be replaced by citizens if such a choice is not economically convenient for them.
A final evaluation was made on how the population of Turin would benefit from a partial replacement of DHW gas boilers. As shown in Figure 9 , the convenience of installing a DHW HP increases as the number of cohabitants of the residential unit increases, with a sharp increase from 1 to 3 cohabitants. This means that, from a merely financial point of view, priority should be given to replacing DHW boilers in more populated building units, while single ones are the least convenient. In addition, key quantities related to the advantages of introducing DHW HPs-the savings on DHW production, the avoided greenhouse gas emissions, the avoided air pollutant emissions-are The extension of the financial analysis to the whole city of Turin should consider the sharing of building units with different numbers of cohabitants. According to the Yearbook 2011 of the Turin Municipality [57] , 21% of people live in single residential units, 27.8% live in flats with 2 cohabitants, 23.9% with 3 cohabitants, 19.7% with 4 cohabitants, and 7.6% in flats with 5 or more cohabitants.
A final evaluation was made on how the population of Turin would benefit from a partial replacement of DHW gas boilers. As shown in Figure 9 , the convenience of installing a DHW HP increases as the number of cohabitants of the residential unit increases, with a sharp increase from 1 to 3 cohabitants. This means that, from a merely financial point of view, priority should be given to replacing DHW boilers in more populated building units, while single ones are the least convenient.
In addition, key quantities related to the advantages of introducing DHW HPs-the savings on DHW production, the avoided greenhouse gas emissions, the avoided air pollutant emissions-are proportional to the number of people served (and, hence, the DHW produced) by DHW HPs instead of gas boilers. In addition, if one considers a distribution of people served by DHW HP which perfectly agrees with the distribution of population density, the reduction of NOx and CO concentration and health externalities are also proportional to the overall number of people served by DHW HPs.
Therefore, considering the replacement of gas boilers separately, all units with decreasing number of cohabitants (i.e., from 20 to 1) provides an estimate on how the overall benefits increase with the spent share of the overall investment (i.e., 483.11 M€). As shown in Figure 10 , the marginal gain of replacing gas boilers diminishes as this is less and less populated housing units. proportional to the number of people served (and, hence, the DHW produced) by DHW HPs instead of gas boilers. In addition, if one considers a distribution of people served by DHW HP which perfectly agrees with the distribution of population density, the reduction of NOx and CO concentration and health externalities are also proportional to the overall number of people served by DHW HPs. Therefore, considering the replacement of gas boilers separately, all units with decreasing number of cohabitants (i.e., from 20 to 1) provides an estimate on how the overall benefits increase with the spent share of the overall investment (i.e., 483.11 M€). As shown in Figure 10 , the marginal gain of replacing gas boilers diminishes as this is less and less populated housing units. For example, replacing DHW gas boilers in all units with 4 or more cohabitants results in 27.33% of the overall economic and health benefit, with 15.8% (76.29 M€) of the total expense. On the other hand, introducing DHW HPs in single housing units would require 41.2% (199.16 M€) of the overall investment and would lead to only 21% of the overall benefit in terms of DHW cost reduction, GHG and air pollutant emissions, and health externalities avoided. 
Conclusions
Although they still represent a minor market niche, domestic hot water heat pumps (DHW HPs) have been increasing fast in recent years in Europe, following the general trend of heat pumps and other renewable heating techniques. DHW HPs reduce the economic cost and the greenhouse gas emissions due to domestic hot water. In addition, a massive diffusion of DHW HPs in urban areas can provide an appraisable contribution to the improvement of air quality.
We presented a study focused on the city of Turin (NW Italy) to assess the reduction of NOx and CO emissions potentially achievable by replacing all gas boilers dedicated to DHW production. Such boilers were first identified based on a statistic study, estimating that about 66% of Turin's population lives in residential units with a centralized heating system, where a gas boiler is used for DHW production. Gas boilers used also for space heating were not considered in our study, since their replacement would require more expensive heat pumps and massive intervention on heating terminals.
The DHW which need to be covered by heat pumps is estimated at 377.6 GWh/y. With a safeside assumption of replacing boilers with a low emission factor for NOx (80 mgNOx/kWh) and CO (90 mgCO/kWh), a total avoided emission of 30.2 tNOx/y and 34 tCO/y was estimated. In addition, a reduction of 55701 t CO2 eq./y was estimated for GHG.
The air dispersion of such pollutants was modelled with the code SPRAY, considering a space distribution of pollutant sources with a mass flow rate proportional to the population density. The 
The DHW which need to be covered by heat pumps is estimated at 377.6 GWh/y. With a safe-side assumption of replacing boilers with a low emission factor for NOx (80 mgNOx/kWh) and CO (90 mgCO/kWh), a total avoided emission of 30.2 tNOx/y and 34 tCO/y was estimated. In addition, a reduction of 55701 t CO 2 eq . /y was estimated for GHG.
The air dispersion of such pollutants was modelled with the code SPRAY, considering a space distribution of pollutant sources with a mass flow rate proportional to the population density. The yearly average modeled concentrations of pollutants achieve maximum values of 1.4 µg NOx/m 3 and 1.7 µg CO/m 3 , respectively. Comparing yearly average concentrations at two ARPA monitoring stations (Consolata and Rebaudengo), the impact on NOx concentrations is of 0.2% ÷ 1.1%, whereas the CO is far less impacted (0.03% ÷ 0.09%).
The financial feasibility of replacing DHW gas boilers with heat pumps was also evaluated. It turns out that DHW HPs are always financially feasible exploiting the current Italian incentives (65% on the total investment), whereas, in the absence of incentives, DHW HPs are convenient only for dwellings with 3 people or more (i.e., 51.22% of the population) thanks to economies of scale. This study provided a comprehensive evaluation of the environmental benefits of replacing DHW gas boilers with heat pumps, providing a methodology which could be replicated for other urban areas. 
